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blends and speciﬁc additives. Fuel (2009), doi:1A number of coal blends and pitch/coal blends were evaluated using rheometry, thermogravimetric anal-
ysis and microscopy to conﬁrm and further elucidate the coking pressure mechanism previously pro-
posed by Duffy et al. (2007) [1]. We conﬁrm that blending a low rank, high ﬂuidity, low coking
pressure coal, with a high rank, low ﬂuidity, high coking pressure coal can signiﬁcantly reduce the coking
pressure associated with the latter. Interestingly, blending does not necessarily result in a ﬂuidity that is
midway between that of the two coals; sometimes the ﬂuidity of the blend is less than that of the low
ﬂuidity coal, especially when the coals are signiﬁcantly different in rank. This occurs because the increase
in complex viscosity (g*) through resolidiﬁcation of the low rank, high ﬂuidity coal counteracts the reduc-
tion in g* resulting from softening of the high rank, low ﬂuidity coal. It has also been conﬁrmed that the
g* of the resultant blend can be estimated from the g* of each component coal using a logarithmic addi-
tivity rule commonly employed for polymer blends.
Polarised light microscopy has indicated that the degree of mixing between coals of different rank is
minimal, with fusion restricted to the particle surface. It is therefore inappropriate to think of such a coal
blend in the same way as a single coal, since each component coal behaves relatively independently. This
limited fusion is important for understanding the coking pressure mechanism for blends. It is proposed
here that the lower rank coal, which softens at lower temperature, is able to expand into the interparticle
voids between the high rank coal that is yet to soften, and these voids can create channels for volatiles to
traverse. Then, and importantly, when the high rank coal begins to expand, the pore structure developed in
the resolidiﬁed structures of the low rank coal can facilitate removal of volatiles, while the resolidiﬁed
material may also act as a suitable sorbent for volatile matter. This is considered to be the primary mech-
anism by which coal blending is able to alleviate coking pressure, and applies to addition of inert material
also.
Addition of a coal tar pitch was found to increase ﬂuidity but also to extend the thermoplastic range
to lower temperatures. This caused an increase in the swelling range, which was accompanied by a
long plateau in g*, a feature which has previously been observed for certain high ﬂuidity, high pres-
sure coals. Elasticity and g* at the onset of expansion were also higher for both the pitch impregnated
coals and the high pressure blends, which supports previous ﬁndings for singly charged high pressure
coals, and conﬁrms the potential use of such criteria for identifying potentially dangerous coals/
blends.
 2009 Elsevier Ltd. All rights reserved.1. Introduction generated by a dangerous coal or coal blend without severelyCoal blending appears to offer the most beneﬁcial means for
reducing coking pressure, where in most cases the addition of
20–35% of a high volatile coal can signiﬁcantly reduce the pressurell rights reserved.
f Chemical Engineering, The
3977.
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Inﬂuence of coal thermoplastic
0.1016/j.fuel.2009.08.035impacting coke quality. Depending on their swelling characteris-
tics, some low volatile coals can also be employed as pressure
reducers, while coke breeze and semi-coke are often added for sim-
ilar reasons [2]. In contrast, coal tar pitch increases ﬂuidity and vol-
atile matter content but also increases coking pressure, the
magnitude of which seems to vary depending on the coal type used
[2,3]. The aim of this study is to investigate the role of coal blend-
ing and pitch addition with regards to coking pressure in order to
conﬁrm and further elucidate the mechanism for coking pressure
proposed by the authors previously [1,4].properties on coking pressure generation: Part 2 – A study of binary coal
Table 1
Coal rank and coking pressure data for blends and component coals used in the study.
Blend composition
(%)
Mean maximum reﬂectance
(%)
Final OWP peak (kPa)
Coal E Coal B
100 0 0.94 4
85 15 1.04 4
70 30 1.15 8
50 50 1.28 14
30 70 1.42 31
15 85 1.52 54
0 100 1.62 68
Coal G Coal B
100 0 1.16 4
50 50 1.38 19
25 75 1.48 50
0 100 1.58 83
Coal R23 Coal R24
100 0 0.75 2
50 50 1.11 5
0 100 1.47 10
Coal R23 Coal R22
50 50 1.24 6
0 100 1.72 150
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2.1. Sample information
Three sets of binary blends have been investigated in this study,
including ﬁve blendswith coals B and E, twowith coals G and B, and
a further two involving mixtures of coal R23 with R22 and R24. In
addition a coal tar pitch has been evaluated at various inclusion lev-
els with coals B and R24. Coal blends and pitch blends were pre-
pared using the procedure described previously, and properties of
the coals are also given previously [4]. The 53–212 lm fractions
of each component were mixed in a vial or jar depending on the
amount of sample required for each individual test. Oven wall pres-
sures were measured using the BHP Billiton Mitsubishi Alliance Re-
search Coke Oven (RCO) in Newcastle, Australia; a full description
of which has been given by Mahoney et al. [5]. No coking pressure
data was available for the coal tar pitch and corresponding blends,
therefore its inclusion is based solely on the premise that coal tar
pitch leads to an increase in coking pressure, which has been ob-
served by a number of researchers [2,3].
2.2. Rheometry and thermogravimetric analysis
Rheometry and thermogravimetric analysis tests were per-
formed using the same equipment and test conditions as those
outlined in the previous article for single coals [4].
2.3. Retort quenching
Partially carbonised samples of each coal/blend were obtained
by quenching each coal/blend at 550 C. Initially, the coal sample
(20 g, air dried) was charged into a stainless steel cylinder at a bulk
density of approximately 900 kg/m3. The cylinder was placed into
the centre of a quartz refractory tube located in a split-horizontal
furnace and heated under a constant stream of nitrogen to 300 C
at 20 C/min, then at 3 C/min up to the desired quench tempera-
ture (460–520 C). The temperature was monitored with a thermo-
couple connected to the outside of the cylinder to avoid damage to
the sample. This was calibrated relative to the temperature at the
coal centre, which was found to differ by approximately 10 C in
the initial softening stage, but became smaller as resolidiﬁcation
progressed. At the desired temperature the sample was quickly re-
moved from the furnace and quenched in a container of iced water.
Bulk densities of the resultant semi-cokes were estimated using
the weight/volume method and segments cut from the centre of
the cylinder for subsequent microscopic analysis.
2.4. Scanning electron microscopy
SEM studies were performed using a Quanta 600 SEM in high
vacuum mode. The uncoated samples were ﬁrst blown with air to
remove unwanted debris and the samples then analysed in back-
scattered electron mode (BSE), which combines topography with
mean atomic number contrast. The maximum accelerating voltage
usedwas 30 keV and theworking distancewas typically 10–12 mm.
2.5. Polarised light microscopy
Coal samples were vacuum impregnated in plastic moulds
using a low viscosity epoxy resin to form sample blocks approxi-
mately 30 mm in diameter. The surface of the blocks were ground
using water-resistant silicon carbide papers, and then polished
using a series of alumina and colloidal silica treatments. The pol-
ished samples were viewed between crossed polarisers using a
Leitz Ortholux II POL-BK, with 50 oil immersion objective and ﬁt-Please cite this article in press as: Duffy JJ et al. Inﬂuence of coal thermoplastic
blends and speciﬁc additives. Fuel (2009), doi:10.1016/j.fuel.2009.08.035ted with a retarder plate. Images were recorded using a Zeiss Axi-
ocam digital camera.3. Results
From Table 1 it can be seen that the effect of blending the low
pressure, high ﬂuidity coals with the high pressure, low ﬂuidity
coals is to lower the coking pressure to varying extents. The sample
of coal B used in the blends with coal E was slightly different to
that used in the blends with coal G as the tests (MWO, rheometry,
etc.) for each blend set were carried out at a different time. Fig. 1
shows that for the B–E and B–G blends coking pressure increases
exponentially with increasing amount of coal B. By investigating
the thermoplastic properties of the various blends using rheome-
try, thermogravimetric analysis and microscopy, it should be pos-
sible to elucidate the mechanism by which addition of E and G are
able to alleviate the pressure for B.
3.1. Thermogravimetric analysis
Derivative of weight loss proﬁles for the three series of blends
are shown in Fig. 2. Clearly increasing the amount of low volatile
coal in the blend decreases the maximum rate of volatile release
(DMAX) and increases the temperature of maximum volatile release
(TMAX). The extent to which DMAX decreases and TMAX increases can
be accurately predicted from the weighted average of the compo-
nent coals, as shown for each blend by the open diamond symbols.
The slight variability between predicted and experimental values is
within the range of experimental variation and consequently there
would not appear to be any interaction between the coals in terms
of their weight loss characteristics.
3.2. Rheometry
Complex viscosity (g*) proﬁles for the three series of blends are
shown in Fig. 3. It can be seen that increasing the proportion of B in
the B–E blend shifts the temperature of maximum ﬂuidity (TMF) to
higher temperatures, while signiﬁcantly decreasing the ﬂuidity of
the blend. Interestingly, the blends containing 85% and 70% B have
lower ﬂuidities than coal B alone. The R series of blends also show
this phenomenon, whereby blending of the high ﬂuidity R23 with
the lower ﬂuidity coals, R22 and R24, causes a signiﬁcant reductionproperties on coking pressure generation: Part 2 – A study of binary coal
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Fig. 1. Measured oven wall pressure as a function of blend composition.
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ARTICLE IN PRESSin ﬂuidity to below that of R22 and R24 alone. A similar trend is ob-
served with the phase angle (d) shown in Fig. 4, whereby the R ser-
ies blends and some of the E blends show higher elasticities than
the low ﬂuidity, high elastic component coals (B, R22 and R24).
Since high viscosity and elasticity are considered to be major
factors inﬂuencing coking pressure generation based on previous
ﬁndings [4], then one might expect the low ﬂuidity blends to show
higher coking pressures than their high pressure component coals.
This is not the case. As shown in Fig. 1, there is an exponential in-
crease in coking pressure between blends of the pure low pressure
coal and the pure high pressure coal, while For the R22/R23 blend
the very high pressure associated with coal R22 is almost com-
pletely eliminated with the inclusion of R23.
The explanation for the observed increase in the measured g* of
these blends is differences between the softening and resolidifying
components, whereby the intrinsic viscosity of the resolidifying
material is considered to be higher than that associated with
unsoftened material [6]. Consequently the effect of the resolidify-
ing material will be more signiﬁcant in rheological terms, which
would explain why a number of the blends have higher g* values
than coal B. Unlike TGA measurements the weighted average of
the component coals fails to give g* values comparable with mea-
sured values. However, by using a logarithmic additivity rule (Eq.
(1)) a much improved ﬁt can be obtained. Predicted values for
blends of E and G with coal B using Eq. (1) are shown in Fig. 5.
ln g ¼ /1 ln g1 þ /2 ln g2 ð1Þ
Eq. (1) predicts that all viscosity curves should pass through the
point where the curves of the two pure coals intersect, i.e. at
approximately 455 C for the B–E blends shown in Fig. 3a. The fact
that they do not all intersect, i.e. the measured values are lower,
suggests that there is some synergy between the coals. It is thought
that coal E helps to soften coal B. The hydrogen liberated from aro-
matisation reactions occurring when coal E resolidiﬁes may be sta-
bilising free radicals arising from pyrolysis reactions when coal B
softens, thereby stabilising those radicals as liquid products. This
does not occur to a large extent, but it occurs to a signiﬁcant
extent.
The reason why some blends give higher complex viscosities
than coal B and some do not is governed by the degree of overlap
between the thermoplastic regions. If the resolidiﬁcation curve for
the high ﬂuidity coal intersects that of the low ﬂuidity coal at aPlease cite this article in press as: Duffy JJ et al. Inﬂuence of coal thermoplastic
blends and speciﬁc additives. Fuel (2009), doi:10.1016/j.fuel.2009.08.035temperature >TMF, the viscosity will always be lower. If this inter-
section occurs at a temperature <TMF an increase in viscosity may
be observed depending on blend composition. The G–B blends sit
close to this cusp, as shown in Fig. 3b. The use of a log additivity
rule to predict g* of a blend from g* of the component coals was
postulated by Steel et al. [6], who ﬁrst showed that such a relation-
ship could be used to describe the resolidiﬁcation process, and
then successfully applied it to two component blends. Such a rule
is commonly used to predict the blend viscosity of miscible and
immiscible polymer blends, the latter of which can be considered
to behave in a similar way to emulsions [7]. This would account
for the ﬁndings of Hayashi et al. [8] and also the shear thinning
behaviour observed during resolidiﬁcation [9].
It should be noted that since the coal loses mass, the phase vol-
umes used in Eq. (1) should account for this loss. The TGA data
could be used to make corrections.
Regarding d, this tends to follow a linear addition rule as ex-
pected, since d and g* tend to be exponentially related. The use
of d to predict synergistic behaviour has been used by Takanohashi
et al. [10], however, this gives complications due to the measure-
ment limitations of the rheometer, which is also a factor with g*
to some extent. For high ﬂuidity coals d values tend to be quite er-
ratic as small errors in G0 and G00 become ampliﬁed, while slip ef-
fects prior to softening and excessive torques at resolidiﬁcation
limit the range of useful data when the thermoplastic ranges of
the component coals do not overlap greatly. A technique which
overcomes many of these obstacles is high temperature 1H NMR,
which has been successfully employed by Sakurovs [11] for study-
ing coal synergism in the thermoplastic zone.
3.3. Plate displacement and axial force
Change in plate gap (DL) for the three series of blends is
shown in Fig. 6. Considering the E blends ﬁrst, it can be seen that
increasing the amount of B in the blend increases the swelling
range and decreases the amount of contraction observed follow-
ing the point of maximum expansion (DLMAX). This trend is what
would be expected with increasing coking pressure based on pre-
vious ﬁndings [4]. Blends comprising 15% and 30% of E, and 25%
G, show a wider expansion range and lower degree of contrac-
tion/collapse than coal B alone, while for all blends the thermo-
plastic expansion in the rheometer, characterised by the value ofproperties on coking pressure generation: Part 2 – A study of binary coal
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tends to be less than for coal B alone. The gradual expansion is
thought to be an indicator that the volatiles are escaping via a
mechanism other than bubble coalescence (explored in Part 1),
which was characterised by an abrupt increase in DL, a peak,
and an abrupt drop.
For the R blends, (DLMAX DLMIN) also decreases with the addi-
tion of the low pressure coals, although the presence of coal R23 is
still not enough to promote collapse in the R22/23 blend. Consider-
ing the large reduction in coking pressure (150? 6 kPa) that is ob-
served on blending these two coals, the difference in DL proﬁles
seems quite insigniﬁcant. This suggests a discrepancy in the pro-
posed coking pressure mechanism with regards to the blends.
Axial force measurements for the same series of blends are
shown in Fig. 7 and seem to relate better to coking pressure than
DL measurements. For the E and G blends, increasing the propor-
tion of low pressure coal in the blend signiﬁcantly decreases the
axial force below 2000g, a value above which single coals were
found to be dangerous [4]. This drop in axial force is only observed
if the proportion of coal B in the blend is P50% and begins to in-
crease again as the proportion of high pressure coal drops below
this value. Plotting the axial force values for the blends containing
P50% against coking pressure gives exponential curves with R2
values of 0.97 and 0.96 (not shown) for the E and G blends, respec-
tively; however these trends do not hold when blends with <50% of
B are included.
As discussed by Duffy et al. [4] high pressure coals as well as
having large axial force peaks also tend to have higher plateau
forces, corresponding with lower contraction/collapse following
cell opening. Although some of the low pressure blends have larger
axial force peaks than their higher pressure counterparts, the cor-
responding plateau forces tend to be much lower. Considering the
R series of blends, it can be seen that addition of coal R23 to the
higher pressure R24 decreases the peak axial force, as would be ex-
pected based on coking pressure measurements; however, the
R22/23 blend behaves rather peculiarly. Although the rise in axial
force for this blend is rather slow compared with other blends, it
continues to rise well into resolidiﬁcation, albeit at a slower rate
once the 2000gmark has been surpassed. While the reason for this
measurement is not completely understood it is not considered to
be real, since it does not agree with DL proﬁles whereby DL is ﬂat
(not rising) above 460 C. Therefore, it is not considered to be a
consequence of volatile induced swelling.Please cite this article in press as: Duffy JJ et al. Inﬂuence of coal thermoplastic
blends and speciﬁc additives. Fuel (2009), doi:10.1016/j.fuel.2009.08.0353.4. Scanning electron microscopy
SEM images taken from the radial and axial centre of samples
quenched in the retort at 550 C are shown in Fig. 8 for all three
series of blends and their component coals. Considering the E
blends ﬁrst, it is clear that coal E which has the lowest coking pres-
sure and highest ﬂuidity gives the most porous semi-coke, showing
a large average pore size and obvious signs of pore coalescence. On
increasing the proportion of B in the blend the average pore size
and degree of coalescence appears to decrease, with minimum
porosity being observed for the blends containing 70% and 85% E,
which also have the highest values of gMF . A similar trend is ob-
served for the G blends, where the low pressure coal G gives a
highly porous structure and evidence of extensive coalescence.
On increasing the proportion of coal B in the blend both porosity
and extent of coalescence appear to decrease.
The images obtained for the R blends are slightly more unusual.
As expected, coal R22, which exhibits the highest pressure and low-
est ﬂuidity, gives the least porous structure, with very small pores
and no visible signs of coalescence. Coal R24 also seems to follow
expectations giving a rather large pore structure but less coales-
cence than E and G. The structure observed for coal R23 is not what
would have been expected, since this coal yields a relatively low
porosity semi-coke, even though it is a very high ﬂuidity, high vol-
atile matter coal. The R23/24 blend is slightly less porous than R24,
which ﬁts with rheological behaviour but not coking pressure,
while the R22/R23 blend has a similar pore structure to that ob-
served for coal R22, which again ﬁts the rheological proﬁle but fails
to explain the large drop in coking pressure observed for this blend.
Measured bulk densities for the quenched coke samples are
shown in Fig. 9. The values seem to correspond well with SEM
images, with the most porous samples having lower densities
and the least porous samples having higher densities. The fact that
coal R23 gives a higher density than coal B is surprising, since coal
R23 shows a much higher rate of weight loss and much higher ﬂu-
idity in its thermoplastic state compared with the other coals. As
discussed previously [4], to achieve optimum foaming/expansion
the coal melt should have sufﬁcient strength or g* to contain the
evolved volatile matter in order to prevent cells rupturing prema-
turely. Consequently the greater the amount of volatile matter
evolved the greater the matrix viscosity/elasticity needs to be to
contain it. As coal R23 shows both a high rate of volatile evolution
and is also highly ﬂuid when this occurs it is expected that a stableproperties on coking pressure generation: Part 2 – A study of binary coal
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Fig. 8. SEM images for coal blends and their component coals quenched in a coking retort at 550 C.
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considered to generate a low porosity and high density semi-coke,Please cite this article in press as: Duffy JJ et al. Inﬂuence of coal thermoplastic
blends and speciﬁc additives. Fuel (2009), doi:10.1016/j.fuel.2009.08.035and further supports the view that an optimum foaming window
must exist for coking coals [4].properties on coking pressure generation: Part 2 – A study of binary coal
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lowed to expand freely along the sample cylinder. In the coke
oven, however, there will be resistance to expansion on either
side of the plastic layer, which will affect pore structure and den-
sity. Bulk density measurements for the same set of coals/blends
carbonised to 1000 C in the movable wall oven are shown in
Fig. 10. Although the bulk densities of the samples are generally
much higher than those from the retort, the density values are
much closer together, with all coals/blends generally having val-
ues somewhere between 800 and 1000 kg/m3. What is particu-
larly apparent is that the coals/blends which yield low
densities in the retort actually have some of the highest densities
when carbonised in the coke oven. Although the higher temper-
ature cokes will have undergone greater high temperature con-
traction through hydrogen loss, the most likely reason for these
differences must be the extent of collapse in the plastic layer.
From DL/axial force tests it has been shown that the low pres-Please cite this article in press as: Duffy JJ et al. Inﬂuence of coal thermoplastic
blends and speciﬁc additives. Fuel (2009), doi:10.1016/j.fuel.2009.08.035sure, high ﬂuidity coals show the greatest contraction/collapse
and the high pressure coals the least. It is thought that the low
pressure coal G gives a bulk density of 250 kg/m3 in the retort
and 950 kg/m3 in the coke oven because compaction occurs. Con-
versely, coal R22, which shows little or no contraction in DL/axial
force tests, yields a similar bulk density in the oven and the re-
tort, which is suggested to be due to little compaction occurring.
This compaction is thought to play a role in wall pressure
development.
3.5. Polarised light microscopy
It is difﬁcult to determine the extent of fusion from SEM analy-
sis because all fused coals tend to look similar under the micro-
scope. However, as constituent coals in the various blends differ
in rank they tend to produce cokes with different optical textures.
As a consequence it is possible to identify the component coals inproperties on coking pressure generation: Part 2 – A study of binary coal
Fig. 11. Polarised light micrographs for coal blends and their component coals quenched in a coking retort at 550 C.
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ARTICLE IN PRESSthe fused coke using polarised light microscopy. Polarised light
micrographs for all blends and their component coals are shown
in Fig. 11. For the blends containing coals E and R23 which are iso-
tropic (pink in colour) fusion does not appear to be particularly
extensive. The main interactions appear to be at the periphery of
the particles, although there are a few instances where pore walls
appear to be shared between the two component coals. These
images support the view that coals retain much of their individual
character during carbonisation and that any synergism occurs at
the particle interface and most likely from volatile matter transfer
between coals.Please cite this article in press as: Duffy JJ et al. Inﬂuence of coal thermoplastic
blends and speciﬁc additives. Fuel (2009), doi:10.1016/j.fuel.2009.08.0353.6. Coal tar pitch addition
Derivative of weight loss data for coals B and R24 with 2% and
5% coal tar pitch (CTP) are shown in Fig. 12. It can be seen that
the CTP gives a much higher rate of weight loss than the coals
with most volatile matter evolved below 400 C, corresponding
with a TMAX value of 320 C. Because of the small amount of pitch
added to the coal blends and the low evolution rate in the region
where the coals are plastic, DMAX is only slightly inﬂuenced by
the presence of the pitch and actually causes a slight decrease
in DMAX.properties on coking pressure generation: Part 2 – A study of binary coal
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with the pitch blends are shown in Fig. 13. Considering the g* pro-
ﬁles ﬁrst, it can be seen that for both coals the presence of the pitch
causes an increase in ﬂuidity and a decrease in softening tempera-
ture, which is ampliﬁed with increasing pitch concentration. Inter-
estingly the addition of pitch causes an increase in the length of the
plateau region, a feature which is particularly apparent in certain
higher ﬂuidity, high pressure coals [4]. This plateau region is con-
sidered to result from cell rupture and subsequent loss of plasticis-
ing volatiles, which causes a plateau or upturn in g*. In addition to
this plateau region there appears to be a second inﬂection in the
resolidiﬁcation curve for the coal B sample with 5% CTP, although
this is attributed to insufﬁcient sample between the plates result-
ing from excessive squeeze ﬂow.
Regarding viscoelastic characteristics, the addition of CTP sig-
niﬁcantly increases d and generally increases the width of the ther-
moplastic range with respect to temperature. In terms of swelling
behaviour it can be seen from DL proﬁles that the addition of pitch
has minimal impact on the magnitude of expansion (DLMAX 
DLMIN), although it does seem to extend the swelling range, mainly
to lower temperatures. This is primarily due to the reduction in
softening temperature, which allows swelling to commence at
lower temperatures. Interestingly, this larger swelling range was
also found to occur for the high ﬂuidity, high pressure coals [4],
which further suggests that the plateau in g* that accompanies it
is of great signiﬁcance in this process. The fact that CTP also in-
creases ﬂuidity will, however, counteract this effect to some ex-
tent, leading to more extensive contraction/collapse following
DLMAX.
This examination of the effects of pitch is highly preliminary
and needs further study as researchers have found that not all
pitches behave the same way and interact very different with
different coals. Sakurovs [12] used 1H NMR to study the
effects of pitch and found an increase in ﬂuidity below the soft-
ening temperature of the coal, however, Chan and Thomas [13]
found that for a low volatile coal the softening temperature in-
creased, while for a high volatile coal, the softening temperature
reduced.
4. Discussion
The results reported here provide an important insight into the
effects of coal blending and incorporation of coal tar pitch on ther-Please cite this article in press as: Duffy JJ et al. Inﬂuence of coal thermoplastic
blends and speciﬁc additives. Fuel (2009), doi:10.1016/j.fuel.2009.08.035moplastic behaviour, and demonstrate that coal blends in particu-
lar cannot be considered in the same way as single coals, especially
if the components are signiﬁcantly different in rank terms.
With regards to predicting coking pressure from rheological
properties an attempt has been made to construct a d–g* plot sim-
ilar to that constructed for the single coals [4], as shown in Fig. 14.
Although the coal blends are much less homogeneous than the sin-
gle coals, a similar trend is observed whereby the high pressure
blends, which include 15% E and 25% G, have values of d and g*
at the onset of expansion which place them centrally in the danger
zone (dashed boundary). The blend containing 50% G, which is also
considered dangerous but slightly lower in coking pressure, takes a
position on the periphery of this zone. Unlike the single coals, the
onset of collapse does not occur at a speciﬁc value/range of d
although this is perhaps not too surprising considering the inho-
mogeneous nature of the blends.
This inhomogeneity is largely a consequence of limited fusion,
as shown by polarised light microscopy, caused by the high viscos-
ities of the component coals. Considering that these viscosities are
of the same order of silly putty and even plasticine for the highest
rank coals then such limited fusion is understandable, especially in
the coke oven where larger particle sizes are employed. In terms of
coking pressure, this would explain why the R22/23 blend gener-
ates such a low pressure, since coal R23 is able to expand into
the interparticle voids between coal R22 which is yet to soften,
and these voids can then create channels for volatiles to traverse.
When coal R22 begins to expand the pore structure developed in
coal R23 can then facilitate removal of volatiles from the high pres-
sure coal, while the resolidiﬁed material may also act as a suitable
sorbent [11].
A similar mechanism has been proposed by Nomura et al. [14]
who investigated coal blending theory for a dry coal charging pro-
cess by blending a high pressure coal with caking (CC) and slightly
caking (SCC) coals. When the high pressure coal was blended with
CC the internal gas pressure was close to the arithmetic mean of
the component coals but with SCC the measured value was lower
than predicted. This was attributed to the low expansion volume
of the SCC coal which left sufﬁcient intergranular porosity for vola-
tiles to escape. Although intergranular porosity will be most impor-
tant for low expanding coals and inert material, for high ﬂuidity,
high swelling coals the open pore structure formed during carboni-
sation will offer the most accessible escape route for trapped vola-
tiles. The role of inert particulates in reducing coking pressure isproperties on coking pressure generation: Part 2 – A study of binary coal
1.E+03
1.E+04
1.E+05
1.E+06
1.E+07
375 400 425 450 475 500 525
Temperature (°C)
C
om
pl
ex
 V
isc
os
ity
 (P
a.s
)
B
B + 2% CTP
B + 5% CTP
R24
R24 +2% CTP
R24 + 5% CTP
0
15
30
45
60
75
90
375 400 425 450 475 500 525
Temperature (oC)
Ph
as
e 
A
ng
le
 
(o )
B
B + 2% CTP
B + 5% CTP
R24
R24 +2% CTP
R24 + 5% CTP
-1.5
-1
-0.5
0
0.5
1
1.5
375 400 425 450 475 500 525
Temperature (oC)
L 
(m
m)
B
B + 2% CTP
B + 5% CTP
R24
R24 +2% CTP
R24 + 5% CTP
(a)
(b)
(c)
Fig. 13. Effect of coal tar pitch on (a) complex viscosity, (b) phase angle, (c) plate displacement for coals R24 and B.
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ARTICLE IN PRESSmost likely due to an increase in intergranular porosity and also as
an adsorbent for volatile matter. In addition, the smaller inert parti-
cles may contribute to the cell rupture process by adsorbing at thePlease cite this article in press as: Duffy JJ et al. Inﬂuence of coal thermoplastic
blends and speciﬁc additives. Fuel (2009), doi:10.1016/j.fuel.2009.08.035gas/liquid interface and facilitating liquid drainage. Such an effect
is known to occur for some systems [15,16] although the effect of
particulates on foam stability is a relatively complex subject sinceproperties on coking pressure generation: Part 2 – A study of binary coal
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ARTICLE IN PRESSit can be inﬂuenced by factors such as particle size, wettability and
geometry, which ultimately determine whether particles are likely
to destabilise or conversely stabilise a foam ﬁlm [15].
Zubkova [17] has studied the carbonisation of blends under uni-
directional heating using X-ray radioscopy to monitor charge
expansion/contraction behaviour. In this work it was found that
blending a non-caking coal with a caking coal reduced the temper-
ature interval over which the blend was plastic, but increased the
width of the so called ‘foamy zone’ or expansion zone. The expan-
sion/contraction proﬁles varied quite a lot with blend composition,
with those containing 20% and 30% of the non-caking coal showing
greatest expansion and lowest contraction up to 600 C. These
blends, although having lower gas pressures than the raw coal
maintained the gas pressure well into resolidiﬁcation and gave a
less dense compacted zone prior to resolidiﬁcation. Unfortunately
no coking pressure data was reported in this work so it is not pos-
sible to say whether these blends would give higher coking pres-45
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Please cite this article in press as: Duffy JJ et al. Inﬂuence of coal thermoplastic
blends and speciﬁc additives. Fuel (2009), doi:10.1016/j.fuel.2009.08.035sures, although the proﬁles observed would suggest so based on
the proposed mechanism.
Tramer et al. [18] used the same technique to study the effect of
coal tar pitch (applied as an emulsion) on carbonisation behaviour
and found that the effect of the pitch depended greatly on the coal
or coal blend it was intermixed with. When applied to a poorly
caking coal the pitch plasticised the coal leading to an increased
swelling range and higher gas pressure, but also a greater pressure
drop in the plastic layer and consequently greater compaction.
When mixed with a medium volatile coal the pitch was found to
have a negative effect on the ﬂuidity; and consequently gas pres-
sure was maintained for longer and contraction was reduced. The
latter observation is something that has not been found with the
coals used in this study, however, the former observation does ﬁt
ﬁndings reported here, whereby the swelling range increases due
to a lower fusion temperature, but the degree of contraction in-
creases due to the increased ﬂuidity and early loss of the blowing1.E+05 1.E+06
cosity (Pa.s)
Danger Zone
Bubble nucleation 
& growth zone for 
single coals 
ion phase for the blends and their component coals (OWP values in brackets).
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g the expansion phase coals with various levels of coal tar pitch.
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ARTICLE IN PRESSgas through cell rupture. As with the pitch employed in this study
it is not known whether this particular pitch is likely to give an in-
crease in coking pressure.
A d–g* plot for the pitch blends during the expansion phase is
shown in Fig. 15. It can be seen that the addition of pitch not only
increases the elasticity at the onset of swelling but increases its
complex viscosity also, shifting the resultant curves further into
the danger zone. These observations ﬁt well with the coking pres-
sure mechanism outlined previously [4], whereby viscoelastic
characteristics can be considered key determinants of cell rupture
and subsequent extent of collapse.
The effect of rheological properties on coking pressure for coal
blends is not so clear cut since the component coals behave largely
independently. Consequently volatile loss and reduction in gas
pressure is aided by the presence of any unsoftened/resolidiﬁed
material even though the blend viscosity appears high. This ex-
plains why coals with a high inert content tend to give low coking
pressures even though they are generally of low ﬂuidity.
The observation that a logarithmic blending rule can be used to
predict the g* of a coal blend from the g* values of its component
coals is potentially of great interest for the coking industry. The
limitations of the rheometer are at present an obstacle to such
an approach since measurements in the pre-softening and post-
resolidiﬁcation zones are somewhat inaccurate, making exact pre-
diction for coals varying signiﬁcantly in rank relatively difﬁcult.
The work by Steel et al. [19] using rheometer plates of smaller size
to access these high viscosity regions may offer a means to over-
coming such obstacles.
5. Conclusions
Previous work has shown that bubble coalescence provides a
route for the release of volatiles for single coals and is hence a pri-
mary mechanism for coking pressure [1,4] with bubble coalescence
restricted by high viscosities and/or high elasticities. This study has
shown that the bubble coalescence mechanism does not fully ex-
plain coking pressures for coal blends. It has been found that when
coals of different rank whose thermoplastic regions do not overlap
greatly are blended together, the viscosities/elasticities of the
resultant blends are often higher than that of the parent coals.
Although the bubble coalescence mechanism would predict high
coking pressures for these blends, this has not been observed in
movable wall oven tests.
It is proposed here that volatiles from each coal in the blend are
able to pass through the voids created by the accompanying coal,
whether it is through unsoftened or resolidiﬁed material. This
gives rise to a second mechanism for coking pressure, one whichPlease cite this article in press as: Duffy JJ et al. Inﬂuence of coal thermoplastic
blends and speciﬁc additives. Fuel (2009), doi:10.1016/j.fuel.2009.08.035is also thought to be relevant to low ﬂuidity single coals high in
inertinite, which have been found to exhibit low coking pressures.
This mechanism has been further elucidated using polarised
light microscopy which has shown that the components of blends
with varying thermoplastic regions do not interact, and therefore
the thermoplastic properties cannot be viewed as that of a single
material. It has also been shown that the resultant blend can be
estimated from the g* of each component coal using a logarithmic
additivity rule commonly employed for polymer blends. Addition
of coal tar pitch was found to increase coal ﬂuidity but also to give
rise to a plateau in viscosity during softening, a feature observed in
certain higher ﬂuidity coals and one that has been associated with
high coking pressures.
It is thought that these mechanisms and the experimental tech-
niques employed could provide enhanced means to predict and
alleviate coking pressure.Acknowledgements
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